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1

REAL-TIME COMPENSATION OF
HIGH-ORDER CONCOMITANT MAGNETIC
FIELDS

FIELD

The present disclosure 1s related to systems and methods
for magnetic resonance. More particularly, the disclosure
relates to systems and methods for concomitant field cor-
rection and compensation.

BACKGROUND

Magnetic resonance imaging (MRI) i1s generally per-
formed with very strong static magnetic fields. The static
magnetic field, also referred to as the “main field” or “BO
field”, 1s responsible for polarizing nucle1 and 1s required for
imaging during nuclear magnetic resonance.

Due to Maxwell’s equations, whenever a linear gradient
field 1s produced, e.g. for spatial encoding, it 1s accompanied
by secondary or second-order field terms, typically known
as second order concomitant magnetic fields or just con-
comitant fields. Depending on the gradient coil design, the
zeroth and first order terms can be eliminated. However, the
higher-order distortion terms (1.¢., 2nd order and above) are
usually unavoidable.

The higher-order concomitant magnetic fields can lead to
phase errors, signal dropout, and/or 1imaging artefacts that
are undesirable. These problems become of greater impor-
tance as the gradient strength of an 1maging sequence 1s
increased and/or the main magnetic field strength of an MR
system 1s decreased.

Thus, there remains a need to provide systems and meth-
ods for reducing or otherwise eliminating higher-order con-
comitant magnetic field in magnetic resonance systems.

SUMMARY

In some examples, the present disclosure provides a
magnetic resonance imaging (MRI) system comprising: an
clectromagnet system for reducing a higher order term of a
concomitant field 1n an 1maging magnetic field during mag-
netic resonance imaging, the electromagnet system having;:
a first shim coil configured to be driven to generate a first
compensation magnetic field during imaging according to a
first second-order compensation term, the first compensation
magnetic field having a similar amplitude but opposite
direction as that of a first second-order concomitant mag-
netic field.

In some examples, the present disclosure provides a
method for reducing a higher order term of a concomitant
field 1n an 1maging magnetic field during magnetic reso-
nance 1maging, the method comprising: generating a first
compensation magnetic field with a first shim coi1l during
imaging according to a first second-order compensation
term, the first compensation magnetic field having a similar
amplitude but opposite direction as that of a first second-
order concomitant magnetic field.

In some examples, the present disclosure provides an
clectromagnet for reducing a higher order term of a con-
comitant field in an 1maging magnetic field during magnetic
resonance 1maging, the electromagnet configured to be
driven to generate a {irst compensation magnetic field during
imaging according to a first second-order compensation
term, the first compensation magnetic field having a similar
amplitude but opposite direction as that of a first second-
order concomitant magnetic field.
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The foregoing and other aspects and advantages of the
present disclosure will appear from the following descrip-
tion. In the description, reference 1s made to the accompa-
nying drawings that form a part hereof, and in which there
1s shown by way of illustration a preferred embodiment.
Such embodiment does not necessarily represent the full
scope of the disclosure, however, and reference 1s made
therefore to the claims and herein for interpreting the scope
of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

Retference will now be made, by way of example, to the
accompanying drawings which show example embodiments
of the present application, and in which:

FIG. 1 1s a block diagram of a magnetic resonance
imaging (MRI) system 1n accordance with an example
embodiment of the present disclosure;

FIG. 2 1s a schematic of an electromagnet according to an
example embodiment of the present disclosure for reducing
a higher order term of a concomitant field in an 1maging
magnetic field during magnetic resonance 1maging;

FIG. 3 1llustrates the z-component of the magnetic field 1n
the xz-plane that the wire pattern shown 1n FIG. 2 produces;

FIG. 4 1llustrates the z-component of the magnetic field 1n
the xy-plane that the wire pattern shown 1n FIG. 2 produces;

FIG. 5 1s a flowchart setting forth the steps of an example
method for reducing a higher order term of a concomitant
field 1n an 1maging magnetic field during magnetic reso-
nance 1maging;

FIG. 6 1s a flowchart setting forth the steps of another
example method for reducing a higher order term of a
concomitant field 1n an 1maging magnetic field during mag-
netic resonance 1maging; and

FIG. 7 shows an example of signal dropout caused by
concomitant magnetic fields.

DETAILED DESCRIPTION

Described herein are systems, devices, and methods for
reducing higher order terms (i.e., 2nd order or higher) of a
concomitant field 1n an 1maging magnetic field during mag-
netic resonance imaging. Inhomogeneities present in the
imaging magnetic field of a magnetic resonance 1maging
system are often mitigated or removed via a shimming
process.

Referring to FIG. 1, a block diagram of an example
magnetic resonance imaging (MRI) system 1s shown at 100
in accordance with an example embodiment. The example
implementation of MRI system indicated at 100 1s for
illustrative purposes only, and variations including addi-
tional, fewer and/or varied components are possible.

As shown in FIG. 1, the illustrative MRI system 100
comprises a data processing system 102. The data process-
ing system 102 can generally include one or more output
devices such as a display, one or more iput devices such as
a keyboard and a mouse as well as one or more processors
connected to a memory having volatile and persistent com-
ponents. The data processing system 102 may further com-
prise one or more interfaces adapted for commumnication and
data exchange with the hardware components of MRI sys-
tem 100 used for performing a scan. As shown, data pro-
cessing system 102 includes a memory 104 and a processor
106 for controlling the communication and data exchange
with the hardware components.

Continuing with FIG. 1, example MRI system 100 also
includes a main field magnet 110. The main field magnet 110
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may be implemented as a permanent, superconducting or a
resistive magnet, for example. Other magnet types, includ-
ing hybrid magnets suitable for use i1 MRI system 100 are
contemplated. Main field magnet 110 1s operable to produce
a substantially uniform main magnetic field having strength
B0 and a direction along an axis. The main magnetic field 1s
used to create an 1maging volume therein within which
desired atomic nuclei, such as the protons in hydrogen
within water and fat, of an object are magnetically aligned
in preparation for a scan. In some implementations, as in this
example implementation, a main field control unit 115 1n
communication with data processing system 105 may be
used for controlling the operation of main field magnet 110.

The MRI system 100 further includes radio frequency
(RF) coils 120. The RF coils 120 are used to establish an RF

magnetic field with strength B1 to excite the atomic nuclei
or “spins”. The RF coils 120 can also detect signals emitted
from the “relaxing” spins within the object being imaged.
Accordingly, the RF coils 120 may be 1n the form of separate
transmit and receive coils or a combined transmit and
receive coil with a switching mechamism for switching
between transmit and receive modes.

The RF coils 120 may be implemented as surface coils,
which are typically receive only coils and/or volume coils
which can be recerve and transmit coils. RF coils 120 can be
integrated in the main field magnet 110 bore. Alternatively,
RF coils 120 may be implemented in closer proximity to the
object to be scanned, such as a head, and can take a shape
that approximates the shape of the object, such as a close-
fitting helmet. An RF coil control unit 125 1n communication
with data processing system 102 may be used to control the
operation of the RF coils 120 1n either a transmit aspect or
a receive aspect.

To obtain 1mages from the MRI system 100, one or more
sets of RF pulses and gradient wavetforms (collectively
called “pulse sequences™) are selected at the data processing
system 102. The data processing system 102 communicates
the selected pulse sequence iformation to the RF control
unit 125 and one or more gradient coil systems, discussed in
more detail below, which collectively generate the associ-

ated waveforms and timings for providing a sequence of

pulses to perform a scan.

The gradient coil system includes gradient coils 130,
which produce controlled and uniform linear gradients with
the main magnetic field. For example, gradient coils 130
may include three orthogonal current-carrying gradient
coils, the x gradient coil, the y gradient coil, and the z
gradient coil. When there are three orthogonal gradient axes,
cach gradient coil 130 may be configured to generate a
magnetic field that varies linearly along one of the three
gradient axes. Along with the main field magnet 110, gra-
dient coils 130 may be designed to produce a desired
linear-gradient magnetic field along each x, y, and z axis.
Each gradient coil 130 may be used individually or in
combination with one another.

In addition to allowing spatial excitation, gradient coils
130 may attach spatially specific frequency and phase infor-
mation to the atomic nucler placed within the imaging
volume, allowing the resultant MR signal to be recon-
structed 1nto a useful image. A gradient coil control unit 135,
in communication with data processing system 102, 1s used
to control the operation of gradient coils 130. Generally, the
imaging volume may be defined as the region in which MR
images of interest are obtained using the MRI apparatus. The
imaging volume may be a spherical volume that 1s smaller
than the total volume of space within gradient coils 130.
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In the present embodiment, MRI system 100 further
includes shim coils 10 and a shim coil control unit 20 1n
communication with data processing system 105. Shim coil

control unit 20 may be used for controlling the operation of
shim coils 10.

Conventionally, MRI systems have three basic linear
gradient coils 130 which generate the x, vy, and z gradient
fields. In order to correct for linear spatial vanations in the

X, v, and z gradient fields, first order shimming 1s usually
accomplished by adjusting the dynamic current through
gradient coils 130, so no additional hardware may be
required to compensate for first-order concomitant fields. In
that regard, gradient coils 130 may serve a dual function as
gradient coils and as “first-order shim coils” 1n MRI system
100.

In an alternate application, for example, 1f the fields
generated by gradient coils 130 are not sutliciently linear, the
first-order linear shim coils may be physically separate from
gradient coils 130.

However, as noted above, higher-order non-linear field
terms are olten present. Such higher-order terms includes
secondary field terms or second order terms, which represent
second-order concomitant fields. Unlike first-order spatial
variations, second-order concomitant fields are not linear,
but are rather a square term or a product of two spatial
directions. For example, second order yz and zx concomitant
fields have spatial vanations that are formed by taking the
product of a linear variation along the z-direction, multiplied
by a linear variation along the y- or x-direction respectively.
The z* concomitant fields have spatial variations along a
curve represented by the z® function. “Secondary field
terms” and “second-order terms” may be used interchange-
ably depending on context. To compensate, active shimming
of these second-order concomitant fields often requires an
additional electromagnet system, or additional shim coils.

In an example implementation, a main magnetic field may
be represented as B=Bo+three linear terms+five 2nd order
terms+seven 3rd order terms+ . . . , or more specifically:

8By ° 8By °©
1[G2+G2]2 1G’G’ IGG +
DB, X T Uy T g MyHa T o b

Some of the terms may be small or zero. For example, i1
only a y gradient 1s on (Gy), then the Gx and Gz terms are
probably very small or zero, while other higher terms may
be present which are not zero.

In that regard, shim coils 10 of MRI system 100 may also
include second-order (or higher) shim coils. As shown 1n
FIG. 1, shim coils 10 may include an x*+y~ shim coil 12.
Other second-order shim coils that may form part of MRI
system 100 include a z~ shim coil, a zx shim coil, and an yz
shim coil. Each of these shim coils may be present in MRI
system 100 individually or be present 1n combination with
one or more of the other second, or higher, order shim coils
to correct for concomitant magnetic fields.

In alternate applications, rather than a specific electro-
magnet, or specific shim coil, the second-order shim coil(s)
may instead be an “adaptable shim co1l”, or a “matrix coil”.
A matnx coil or adaptable shim coil 1s a matrix of electro-
magnet units that can be controlled independently of one
another, and may be implemented in a number of different
ways. The matrix coil, thus, would be configurable in
real-time to produce the desired spatial field pattern. Further
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discussion of matrix coils can be found in Harris et al., “A
New Approach to Shimming: The Dynamically Controlled
Adaptive Current Network™ Magnetic Resonance in Medi-
cine, 71:859-869 (2014); and 1n Littin et al., “Development
and Implementation of an 84-Channel Matrix Gradient Coil”
Magnetic Resonance in Medicine, 79:1181-1191 (2018),

both of which are incorporated herein by reference.

FI1G. 2 illustrates an example wire pattern for x*+y~ shim
coil 12. The arrows represent an example current direction
through x”+y~ shim coil 12. The second-order shim coils,
including the x*+y* shim coil 12, may be designed in such
a way as to reduce coupling between gradient coils 130 and
shim coils 10, discussed further below.

FIG. 3 1s a graph illustrating the z-component of the
magnetic field 1n the xz-plane that the wire pattern of FIG.
2 produces. FIG. 4 1s a graph illustrating the z-component of
the magnetic field in the xy-plane that the wire pattern of
FIG. 2 produces.

x*+y~ shim coil 12 is configured to be driven to generate
a first compensation magnetic field during 1maging accord-
ing to a {irst compensation term. When the z gradient coil 1s

driven, as noted in the above equation, the first compensa-
tion term may be:

(G,2)/(8%B0)

In that regard, the first compensation magnetic field has a
similar amplitude, but 1s opposite in direction, to that of the
concomitant magnetic field with an x*+y~ spatial variation.

While one example of the wire pattern for x*+y~ shim coil
12 is shown, x*+y~ shim coil 12 may have other designs
and/or wire patterns to generate the first compensation term
and to help correct the concomitant magnetic field with the
X“+y~ spatial variation.

In a similar manner as x*+y~ shim coil 12, the z* shim coil
1s designed to help correct the concomitant magnetic field
with a z* spatial variation, the zx shim coil is designed to
help correct the concomitant magnetic field with a zx spatial
variation, and the yz shim coil 1s designed to help correct the
concomitant magnetic field with a yz spatial variation.

Referring to FIGS. 5 and 6, there are illustrated example
methods 500 and 600 for reducing a higher order term of a
concomitant field 1n an 1maging magnetic field during mag-
netic resonance 1maging.

In some examples, methods 500 and 600 may be at least
in part be performed using MRI system 100 as shown 1n
FIG. 1. Additionally, the following discussion of methods
500 and 600 leads to further understanding of system 100.
However, 1t 1s to be understood that system 100, and
methods 500 and 600, can be varied and need not work
exactly as discussed herein 1n conjunction with each other,
and that such variations are within the scope of the appended
claims. As well, methods 500 and 600 may be performed
independently of each other and/or independently of system
100. Method 500 1s described first.

Optionally, at 502, during imaging, the at least one
gradient coil 1s activated to generate one or more gradient
magnetic field. As discussed above, fiecld homogeneity may
be lacking due to concomitant magnetic fields (for example,
if the z-gradient is activated, the second-order x”+y~ spatial
variation may also be present in the magnetic field). As well,
il more than one gradient coil 1s activated, multiple second-
order concomitant magnetic ficlds may be generated.

At 504, therefore, a first compensation magnetic field with
a similar amplitude but opposite direction as that of a first
second-order concomitant magnetic field 1s generated with a
first shim coil.

10

15

20

25

30

35

40

45

50

55

60

65

6

Generating the first compensation magnetic field may
include designing the second order shim coil that generates
that second-order compensation magnetic field. In certain
applications, the design and manufacture of the first shim
coil may optionally be performed ahead of time, prior to the
imaging. For example, to arrive at the x*+y~ shim coil, a first
compensation term with the x*+y~ spatial variation may be
established at 506. The first compensation term may be the

magnetic field that 1s equal in magnitude/amplitude but
opposite 1n direction to that of the concomitant magnetic
field with the x*+y~ spatial variation. The first compensation
term may, thus, be mathematically represented by the equa-
tion:

(G,2)/(8*B0)

In other words, the first compensation term represents the
“target” magnetic field that, when superimposed or merged
with the gradient magnetic field 1n the z direction, nulls or
mitigates the concomitant field with the x*+y~ spatial varia-
tion.

As a further option, during the optional design and
manufacture of the shim coil, at 508, the first compensation
term may be processed with a mutual inductance constraint.
Application of the mutual inductance constraint may help to
reduce the sensitivity of mutual inductance between the
x“+y~ shim coil and the z-gradient coil, in other words,
decouple the x*+y~ shim coil from the z-gradient coil.

For example, the mutual inductance may be included as a
constraint or a weighted parameter through use of a mutual
inductance vector representing the mutual inductance of the
design surface relative to an array of current elements
representing the wire patterns of a target coil. Multiple target
coils can be included by multiple weighted parameters or
multiple simultaneous constraints. The mutual inductance
vector can also be calculated at different small translations
(e.g., 1-10 mm) or rotations (e.g., 1-3 degrees) of the design
surface and 1ncluded as constraints or weighted parameters
to reduce mutual inductance that may occur due to antici-
pated construction position tolerances.

In one formulation, the mutual inductance vector, M ,
represents the mutual inductance between the finite element
surface and a gradient coil 130 or another shim coil wire
pattern (e.g., the x*+y* shim coil, such as the wire pattern
shown 1n FIG. 2). For example, the mutual inductance vector
can be calculated by the formula:

“ai ) |

5 g/

Jin(r) - Js(f‘ )

|rm

where 1. 1s the current amplitude being driven through the
target coil current element array, J. (r) 1s the set of current
basis functions for the finite element surface, I (r') 1s the
current density (wire pattern) of the target coil, and Ir, —r' |
1s the distance between the node n and the target coil current
density.

While one manner of decoupling the x*+y~ shim coil from
the z-gradient coil 1s described above, other decoupling
methods may also or alternately be applied to reduce the
mutual inductance between the x°+y” shim coil and the
z-gradient coil during 1maging.

At 510, a x*+y~ shim coil may then be designed and
created to produce the magnetic field represented by the first
compensation term, optionally as constrained with the
mutual inductance vector discussed above.
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To design and create the x*+y~ shim coil, a performance
functional may be formed with the compensation term and
the mutual inductance constraint, among other performance
metric requirements, to generate a current density pattern for
the x*+y~ shim coil. The performance functional may then
be optimized based on the performance metric requirements
to get a desired or target current density pattern. Desired coil
windings for the x*+y~ shim coil may then be obtained from
the desired current density pattern, and the x*+y* shim coil
may subsequently be created with the appropriate coil
windings.

The x*+y* shim coil is driven with a waveform at 512 to
generate the first compensation magnetic field. When the
x“+y* shim coil is driven with the z gradient coil during
imaging, the first compensation magnetic field 1s superim-
posed or merged with the gradient magnetic field 1n the z
direction, thus nulling or mitigating the concomitant field
with the x*+y~ spatial variation.

While generating the first compensation magnetic field at
504 has been described using the x*+y~ shim coil as the first
shim coil, the other second-order corrections may be per-
formed 1n a similar manner. The first compensation magnetic
field may mstead compensate for a concomitant field with a
7z~ spatial variation using a z~ shim coil, compensate for a
concomitant field with a zx spatial variation using a zx shim
coll, or compensate for a concomitant field with a yz spatial
variation using a yz shim coil.

In other applications, rather than designing a specific
clectromagnet (or a specific shim coil) to generate the
desired current density pattern, the adaptable shim coil, or
the matrix coil, may be used 1n a specific configuration to
produce the desired compensation magnetic field. In this
manner, the compensation field can be generated in real-
time. The matrix coil would receive mput and generate a
field dynamically according to the mput given it.

Method 600 1s now described with reference to FIG. 6. At
602, multiple gradient magnetic fields are generated. This
may include optionally generating a z-gradient magnetic
field at 607, as described above. As understood by the skilled
person, during medical resonance imaging, the z gradient
coll may be driven alone or in combination with the x
gradient coil and/or the y gradient coil at 602.

In certain applications, a gradient magnetic field 1n the x
direction may be optionally generated at 604 and/or a
gradient magnetic field 1n the y direction may be optionally
generated at 606. In other words, the x and y gradient coils
may also be driven alone or in combination.

In that regard, multiple second-order field terms or higher
order concomitant magnetic fields may be present in the
imaging magnetic field. Thus, multiple compensation mag-
netic fields may be generated at 608 to mitigate these
multiple second-order concomitant fields. In the example
shown 1n FIG. 6, 609 includes generating the first second-
order compensation magnetic field with the x*+y* spatial
variation when the z-gradient coil 1s driven.

When the x gradient coil or the v gradient coil 1s driven,
a second compensation magnetic field may be optionally
generated at 610, for example with a z* shim coil, according
to a second second-order compensation term. Similar to the
first second-order compensation term, the second compen-
sation magnetic field has a similar amplitude but opposite
direction as that of the second-order concomitant magnetic
field with the z* spatial variation.

In certain applications, the second second-order compen-
sation term 1s represented by:

(G,°+G,”)/(2*B0)
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The second second-order compensation term represents
the “target” magnetic field that, when superimposed or
merged with the gradient magnetic field 1n the x or y
direction, nulls or mitigates the second-order concomitant
field with the z* spatial variation.

When the x and z gradient coils are driven at the same
time, a third compensation magnetic field may be optionally
generated at 612, for example with a zx shim coil, according
to a third second-order compensation term. Similar to the
first second-order compensation term, the third compensa-
tion magnetic field has a similar amplitude but opposite
direction as that of the second-order concomitant magnetic
field with the zx spatial variation.

In certain applications, the third second-order compensa-
tion term 1s represented by:

-G *G,/(2*B0)

The third second-order compensation term represents the
“target” magnetic field that, when superimposed or merged
with the gradient magnetic field in the x and z direction,
nulls or mitigates the second-order concomitant field with
the zx spatial variation.

When the y and z gradient coils are driven at the same
time, a fourth compensation magnetic field may be option-
ally generated at 614, for example with an yz shim coil,
according to a fourth second-order compensation term.
Similar to the first second-order compensation term, the
fourth compensation magnetic field has a similar amplitude
but opposite direction as that of the second-order concomi-
tant magnetic field with the yz spatial vanation.

In certain applications, the fourth second-order compen-
sation term 1s represented by:

-G, *G,/(2*B0)

The fourth second-order compensation term represents
the “target” magnetic field that, when superimposed or
merged with the gradient magnetic field 1n the v and z
direction, nulls or mitigates the second-order concomitant
field with the yz spatial variation.

When the x, vy, and z gradient coils are driven at the same
time, all four of the above second-order shim coils may be
driven as well 1n order to mitigate or null their respective
second-order concomitant fields. In other examples, not all
of the second-order shim coils may be driven to generate the
compensation magnetic field(s). It should be understood that
cach second-order shim coil may be independently driven to
generate independent compensation magnetic fields, as
appropriate, to compensate for respective second-order field
terms.

FIG. 7 provides an example of the above-discussed com-
pensation effect when using a z° shim coil. Axial EPI
phantom 1mages are shown without (left) and with (right)
higher-order concomitant correction (1n this case, correction
of the z* term) for a slice 5.0 mm (top) and 75.0 mm
(bottom) ofl 1socenter respectively. The images on the right
are brighter. For a slice near 1socenter (top), the high-order
correction does not significantly afiect the signal of the
phantom. This 1s indicated by the mean and standard devia-
tion of the signal. Without correction (top leit), the mean and
standard deviation of the signal 1s 4796.3 and 109.3, respec-
tively. With correction (top right), the mean and standard
deviation of the signal 1s 4657.7 and 93.2, respectively.

However, for a slice further from 1socenter (bottom), the
correction increases the signal of the phantom by approxi-
mately 25%. Without correction (bottom left), the mean and
standard deviation of the signal 1s 2545.2 and 126.2, respec-
tively. With correction (bottom right), the mean and standard
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deviation of the signal 1s 3386.1 and 142.3, respectively. The
higher number of the mean for the corrected case illustrates
how the correction helps to recover some lost signal due to
dropout from the higher order concomitant magnetic fields.
As noted above, for an axial EPI image with readout on
cither the x- or y-gradient axes, the high-order concomaitant
correction is applied using the z* shim coil.

As such, when a x“+y°, zx, yz, and/or z° concomitant
magnetic field 1s present, it may be compensated for in
real-time by running the respective x°+y~, zx, yz, and/or z
shim coils such that the two field eflects (one due to the
concomitant field and one due to the shim coil) cancel each
other out.

Generally, there are four second-order concomitant mag-
netic fields (xy, vz, zx, x°+y~, and z°), which are generated
by a Tavlor expansion of the main magnetic field. In a
typical second-order active shimming system, there are four
second-order electromagnets (Xy, yz, zx, X -y~, and z°),
which are based on a spherical harmonic expansion of the
magnetic field. The mismatch in spatial patterns between the
two expansions, that is x*+y~ and x*~y~ for the concomitant
field term and shim field term respectively, necessitates an
additional, novel, correction electromagnet for full second-
order compensation, 1.e. an electromagnet that produces an
X>+y~ spatial pattern. This helps to illustrate the novelty of
using the second-order shim coils for concomitant field
correction as presently described.

This compensation may be done in real-time, similar to
eddy current compensation. This 1s possible because the
amplitude of the concomitant magnetic field terms are
well-defined with respect to the gradient coil amplitudes and
the main magnetic field.

In some implementations, an advantage of the presently
disclosed method and system may be that 1t 1s not specific to
a particular image orientation. The presently disclosed sys-
tem and method may provide the desired reduction of
concomitant field regardless of the orientation of the image.
As well, the presently disclosed solution may require little or
no modifications to the post-processing reconstruction
method, and may not require the 1images to be de-rated to
achieve artefact free 1images. This may help to enable faster
imaging.

It will be appreciated that the above magnetic field
compensation methods and systems may be implemented
alone or 1n combination with other compensation methods
and systems, including passive shimming, depending on the
type and severity of the field instability.

While the magnetic field compensation described relates
to second-order concomitant magnetic fields, the above
methods and systems may also be applied to third order, or
higher, concomitant magnetic fields.

The effect of the concomitant fields tends to get smaller as
the spatial terms get higher in order. However, correction of
third order or higher order concomitant magnetic fields may
be relevant 1n applications where the main magnetic field
strength 1s lower.

While some embodiments or aspects of the present dis-
closure may be implemented in fully functioning computers
and computer systems, other embodiments or aspects may
be capable of being distributed as a computing product 1n a
variety of forms and may be capable of being applied
regardless of the particular type of machine or computer
readable media used to actually effect the distribution.

At least some aspects disclosed may be embodied, at least
in part, in software. That 1s, some disclosed techniques and
methods may be carried out 1n a computer system or other
data processing system 1n response to 1ts processor, such as
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a mICroprocessor, executing sequences ol instructions con-
tamned 1n a memory, such as read-only memory (ROM),
volatile random access memory (RAM), non-volatile
memory, cache or a remote storage device.

A computer readable storage medium may be used to
store software and data which when executed by a data
processing system causes the system to perform various
methods or techniques of the present disclosure. The execut-
able software and data may be stored in various places
including for example ROM, volatile RAM, non-volatile
memory and/or cache. Portions of this software and/or data
may be stored 1n any one of these storage devices.

Examples of computer-readable storage media may
include, but are not limited to, recordable and non-record-
able type media such as volatile and non-volatile memory
devices, ROM, RAM, flash memory devices, tloppy and
other removable disks, magnetic disk storage media, optical
storage media (e.g., compact discs (CDs), digital versatile
disks (DVDs), etc.), among others. The instructions can be
embodied in digital and analog communication links for
clectrical, optical, acoustical or other forms of propagated
signals, such as carrier waves, infrared signals, digital sig-
nals, and the like. The storage medium may be the internet
cloud, or a computer readable storage medium such as a
disc.

Furthermore, at least some of the methods described
herein may be capable of being distributed 1n a computer
program product comprising a computer readable medium
that bears computer usable instructions for execution by one
or more processors, to perform aspects of the methods
described. The medium may be provided in various forms
such as, but not limited to, one or more diskettes, compact
disks, tapes, chips, USB keys, external hard drives, wire-line
transmissions, satellite transmissions, internet transmissions
or downloads, magnetic and electronic storage media, digital
and analog signals, and the like. The computer useable
instructions may also be 1n various forms, including com-
piled and non-compiled code.

At least some of the elements of the systems described
herein may be implemented by software, or a combination
of software and hardware. Flements of the system that are
implemented via software may be written 1n a high-level
procedural language such as object oriented programming or
a scripting language. Accordingly, the program code may be
written 1n C, C++, J++, or any other suitable programming
language and may comprise modules or classes, as 1s known
to those skilled i object oriented programming. At least
some of the elements of the system that are implemented via
solftware and hardware may be written 1n assembly lan-
guage, machine language or firmware as needed.

In either case, the program code can be stored on storage
media or on a computer readable medium that 1s readable by
a general or special purpose programmable computing
device having a processor, an operating system and the
associated hardware and software that 1s necessary to imple-
ment the functionality of at least one of the embodiments
described herein. The program code, when read by the
computing device, configures the computing device to oper-
ate 1 a new, specific and predefined manner 1 order to
perform at least one of the methods described herein.

While the teachings described herein are in conjunction
with various embodiments for illustrative purposes, it 1s not
intended that the teachings be limited to such embodiments.
On the contrary, the teachings described and illustrated
herein encompass various alternatives, modifications, and
equivalents, without departing from the described embodi-
ments, the general scope of which 1s defined 1n the appended
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claims. Except to the extent necessary or inherent in the
processes themselves, no particular order to steps or stages
of methods or processes described in this disclosure 1is
intended or implied. In many cases the order of process steps
may be varied without changing the purpose, eflect, or
import ol the methods described.

The 1invention claimed 1is:

1. A magnetic resonance imaging (MRI) system compris-
ng:

an electromagnet system for reducing a higher order term

of a concomitant ficld in an imaging magnetic field

during magnetic resonance 1imaging, the electromagnet

system 1av111g

a first shaim coil configured to be driven to generate a
first compensation magnetic field during 1maging
according to a first second-order compensation term,
the first compensation magnetic field having a simi-
lar amplitude but opposite direction as that of a first
second-order concomitant magnetic field; and

a z-gradient coil for generating the 1maging magnetic field

in the z-direction, wherein the first shim coil 1s
designed to reduce the sensitivity of mutual inductance
with the z-gradient coil.

2. The MRI system of claim 1, wherein the first shim coil
is an X +y~ shim coil and the first second-order concomitant
magnetic field has an x*+y~ spatial variation.

3. The MRI system of claim 1, wherein the first shim coil
1s one of:

a z° shim coil and the first second-order concomitant

magnetic field has a z* spatial variation,

a zx shim coil and the first second-order concomitant

magnetic field has a zx spatial variation, and

a yz shim coil and the first second-order concomitant

magnetic field has a yz spatial variation.

4. The MRI system of claim 2, wherein the electromagnet
system further comprises at least one of: a z° shim coil, a zx
shim coil, or a yz shim coil,

the z= shim coil configured to be driven to generate a

second compensation magnetic field during imaging
according to a second second-order compensation term,
the second compensation magnetic field having a simi-
lar amplitude but opposite direction as that of a second
second-order concomitant magnetic field with a z°
spatial variation,

the zx shim coil configured to be driven to generate a third

compensation magnetic field during imaging according
to a third second-order compensation term, the third
compensation magnetic field having a similar ampli-
tude but opposite direction as that of a third second-
order concomitant magnetic field with a zx spatial
variation, and

the yz shuim coil configured to be driven to generate a

fourth compensation magnetic field during imaging
according to a fourth second-order compensation term,
the fourth compensation magnetic field having a similar
amplitude but opposite direction as that of a fourth
second-order concomitant magnetic field with a yz
spatial variation.

5. The MRI system of claim 4, wherein

the second second-order compensation term 1s (G, +G Y/

(2*B0),

the third second-order compensation term 1s -G _*G/
(2*B0), and

the fourth second-order compensation term 1s -G, *G,/
(2*B0).

6. The MRI system of claim 1, wherein the first shim coil
1s a matrix coil.
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7. A method for reducing a higher order term of a
concomitant field 1n an 1maging magnetic field during mag-
netic resonance 1imaging, the imaging magnetic field 1n the
z-direction being generated by driving a z-gradient coil, the
method comprising:

generating a first compensation magnetic field with a first

shim coil during 1maging according to a first second-
order compensation term, the first compensation mag-
netic field having a similar amplitude but opposite
direction as that of a first second-order concomitant
magnetic field, wherein a mutual inductance constraint
1s applied to the first second-order compensation term
for reducing the sensitivity of mutual inductance
between the first shim coil and the z-gradient coil.

8. The method of claim 7, wherein the first shim coil 1s an
x“+y® shim coil and the first second-order concomitant
magnetic field has an x“+y~ spatial variation.

9. The method of claim 7, wherein the first shim coil 1s
one of:

a z~ shim coil and the first second-order concomitant

magnetic field has a z* spatial variation,

a zx shim coil and the first second-order concomitant

magnetic field has a zx spatial variation, and

a yz shim coil and the first second-order concomitant

magnetic field has a yz spatial variation.

10. The method of claim 8, wherein generating the first
compensation magnetic field comprises: designing and cre-
ating the x°+y® shim coil to produce the compensation
magnetic field; and driving the x°+y” shim coil during
magnetic resonance imaging.

11. The method of claim 8, further comprising:

generating at least one of: a second, third, or fourth

compensation magnetic field during 1imaging,

the second compensation magnetic field being generated

with a z* shim coil according to a second second-order
compensation term, the second compensation magnetic
field having a similar amplitude but opposite direction
as that of a second second-order concomitant magnetic
field with a z~ spatial variation,

the third compensation magnetic field being generated

with a zx shim coil according to a third second-order
compensation term, the third compensation magnetic
field having a similar amplitude but opposite direction
as that of a third second-order concomitant magnetic
field with a zx spatial vanation, and

the fourth compensation magnetic field being generated

with a yz shim coil according to a fourth second-order
compensation term, the fourth compensation magnetic
field having a similar amplitude but opposite direction
as that of a fourth second-order concomitant magnetic
field with a yz spatial varnation.

12. The method of claim 11, wherein

the second second-order compensation term 1s (Gx2+Gy2)/

(2¥B0).

the third second-order compensation term 1s -Gx*G/
(2*B0), and

the fourth second-order compensation term 1s -G, *G,/
(2*B0).

13. An electromagnet for reducing a higher order term of
a concomitant ficld in an imaging magnetic ficld during
magnetic resonance 1maging, the imaging magnetic field in
the z-direction being generated by driving a z-gradient coil,
the electromagnet configured to be driven to generate a ﬁrst
compensation magnetic field during imaging according to a
first second-order compensation term, the first compensation
magnetic field having a similar amplitude but opposite
direction as that of a first second-order concomitant mag-
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netic field, wherein a mutual inductance constraint 1s applied
to the first second-order compensation term for reducing the
sensitivity of mutual inductance between the electromagnet
and the z-gradient coil.

14. The electromagnet of claim 13, wherein the electro-
magnet is an x~+y~ shim coil for correcting the first second-
order concomitant magnetic field with an x*+y* spatial
variation.

15. The electromagnet of claim 13, wherein the electro-
magnet 1s one of:

a z° shim coil for correcting the first second-order con-

comitant magnetic field with a z* spatial variation,

a zx shim coil for correcting the first second-order con-

comitant magnetic field with a zx spatial vanation, and

a yZ shim coil for correcting the first second-order con-

comitant magnetic field with a yz spatial variation.

16. The MRI system of claim 1, wherein the first second-
order compensation term is (G.*)/(8*B0).

17. The method of claim 7, wherein the first second-order
compensation term is (G.*)/(8*B0).

18. The electromagnet of claim 13, wherein the first
second-order compensation term is (G_*)/(8*B0).
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